Abstract. Efficient and precise motif extraction is a central problem in the study of proteins functions and structures. This paper presents an efficient new geometric approach to the problem, based on the General Hough Transform. The approach is both an extension and a variation of the Secondary Structure Co-Occurrences algorithm by Cantoni et al. [1][2]. The goal is to provide an effective and efficient implementation, suitable for HPC. The most significant contribution of this paper is the introduction of a heuristic greedy variant of the algorithm, which is able to reduce computational time by two orders of magnitude. A secondary effect of the new version is the capability to cope with uncertainty in the geometric description of the secondary structures.
Introduction
The study of proteins is a crucial aspect of the biological field, as they are essential elements of every living cell. Often, the function of a given protein is tightly tied to its geometric structure. Thus, protein structure analysis is an important issue with multiple applications. For example, the ability of a protein to bind other proteins or ligands and the estimation of evolutionary distances between families of proteins are both based on their spatial structure. A key part in the geometric description of a protein is played by the structural motif, a 3D group of secondary structures (SS) which appears in a variety of molecules. Thus, precise and efficient motif identification or extraction is a much requested application in the biological community. The simplest approach to motif extraction is the entire motif search (EMS). It is used to identify the location of each possible motif (defined by a set of properties, e.g. its spatial dimension) in a given protein. The EMS has been thoroughly analyzed [3] , with special regard to its parallel implementation.
However, the most interesting approach to the problem is one that we can call "cross motif search" (CMS). In this case every possible motif in a given source protein, is searched in each protein of a given set. A CMS run is composed of multiple iterations: defining the cardinality of a motif as the number of SS in that motif, the -th iteration of a CMS run tries to extract, from the protein set, all the motifs with cardinality . Fig. 1 . Protein 7fab displayed as a cloud of segments using our ad-hoc visualizer software. Segments: SSs. Spheres: endpoints. Dots: barycenter. Red: alpha helices; Blue: beta sheets.
In the most generalized variant, a complete CMS (CCMS) searches for every possible motif of every source protein in any other protein in the set.
Of course, as the entire Protein Data Bank [4] contains about 90,000 proteins, a CCMS may require an extremely high computational time.
In this paper we will present the CCMS algorithm and show an efficient implementation, suitable for HPC. The algorithm is based on an existing approach, the Secondary Structure Co-Occurrences (SSC) [1-2], which is itself based on the General Hough Transform technique [5] . The key idea is to ignore the biological significance on the motifs as much as possible, and to focus on the geometric description of the structures which could be simply viewed as vectors in a 3D space.
First, we briefly describe the original SSC algorithm (sec. 2). Then we discuss an extensive set of modifications to the original algorithm, including an efficient greedy variant which is able to reduce the computational times down by two orders of magnitude (sec. 3). Finally, we present a few benchmarks (sec. 4).
2
The Base SSC Algorithm
Given a set of oriented segments in a 3D space (the source), and a search space consisting of a certain number of oriented segments, the SSC algorithm [1-2] is able to determine whether the source is present in the search space or not, independently of translations and rotations of the source. The key idea underlying the algorithm is that any relevant secondary structure (SS) in a protein can be easily modeled as an oriented segment. A segment is obtained from a least-square approximation of all the relevant amino-acid positions, as defined in the DSSP description of a SS [6] . Every segment is simply identified by a barycenter, two endpoints and an orientation ( fig. 1) . Thus a DSSP file describing an entire protein can be transformed into a list of segments and their properties, and easily described by a simple XML file.
